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Abstract

Sulfate attack in concrete structures is considered to be among the major durability concerns in
civil infrastructure systems. Proper modeling techniques can help us understand the influence of
aggressive environments on the concrete performance more readily and accurately. Such an
understanding improves the decision making process in every stage of construction and

maintenance and will help in better administration of resources. Aspects of cement chemistry,
concrete physics, and mechanics are applied to develop a model for predicting sulfate penetration,
reaction, damage evolution, and expansion, leading to degradation of cement-based materials
exposed to a sulfate solution. The model is refined to address the interaction effects of various
parameters using calibration data available from experiments conducted at the National Institutes
of Standards and Technology (NIST). Parameters of the model were refined through parametric
analysis, consideration of spedfic boundary conditions, and calibration with experimental data.

Introduction

Portland cement-based materials subjected to attack from sulfates may suffer from two types of

damage: loss of strength of the matrix due to degradation of calcium-silicate-hydrate (C-S-H), and
volumetric expansion due to formation of gypsum or ettringite that leads to cracking. Loss of

strength has been linked to decalcification of the cement paste hydrates upon sulfate ingress,

especially C-S-H, while cracking and expansion is attributed to formation of expansive compounds.
Efforts of modeling the durability due to external sulfate attack have received attention only in the
past decade [1]. An empirical relationship between ettringite formation and expansion is the basis
for many models where the expansive strain is linearly related to the concentration of ettringite [2).
This approach has been incorporated in the 4SIGHT program which predicts the durability of

concrete structures [3], as well asin amodel that calculates the service life of structures subjected
to theingress of sulfates by sorption [4] or mechanical and transport properties[5].

The general conservation-type equations involve diffusion, convection, chemical reaction and
sorption, as the governing phenomena for the transfer of mass through concrete. In the case of
sulfates, some authors [6] assume that the process is controlled by reaction rather than diffusion,
based on an empirical linear equation that links the depth of deterioration at a given timetothetri-
cacium silicate (GA) content and the concentration of magnesium and sulfate in the original
solutions. A solution of the diffusion equation with a term for first order chemical reaction has
been proposed to determine the sulfate concentration as afunction of time and space[7,8]. Smilar
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to the recent work by the NIST group, the diffusion coefficient is represented as a function of the
capillary porosity and varies with time since capillary poresfill up with the recently formed minerals
[4]. Using micromechanics theory and the diffusion-reaction equation, a model that predicts the
expansion of mortar bars[ 9] has been developed for the 1-D case.

A chemo-mechanical mathematical model has recently been developed to simulate the response of
concrete exposed to external sulfate solutions [1011]. The model is based on the diffusion
reaction moving boundary approach and several mechanisms for the reaction of calcium
aluminates with sulfates to form expansive ettringite are considered. A schematic model of the
present approach is shown in Figure 1. There are three major input parameters categorized under
the main categories of 1) Material Parameters, 2) Exposure & Environmental Loading, and 3) Size &
Shape of members. The input parameters are used to estimate physical parameters such as the
diffusivity, strength, concentration of available calcium aluminates, and the volumetric proportions
dueto chemical reactions.

The three distinct but coupled problems of sulfate diffusion, calcium aluminate depletion, and
crack front propagation posed above are treated as a moving boundary problem as shown in

Figure 2. As the time parameter increases, the sulfates diffuse, and then react with aluminates,

resulting in hydration p roducts which expand and potentially cause cracking. The cracking causes
the coefficient of diffusivity to change from an uncracked material D, to a cracked material D;. This
change may be linked to a scalar damage parameter that also affects the material stiffness, E. This
damage parameter, w, is defined from the available models for uniaxial stress-strain response [10].

M ater_ial Parameters Mechanical properties, capillary porosity,
Chemistry of cement, w/c diffusivity, Calcium Aluminate phases,
ratio, GA content, degree / available Sulfates, degree of cracking in

of hydration, mineral themicrostructure
admixtures, initial sulfate

content *

ExposureConintions Formulation of Partial Diff. Equations,
Sulfates, aluminate phases solution as amoving boundary problem

time, humidity *

Member Size & Shape Expansion-Time History, Degradation-time
Specimen geometry, history, Degradation profiles, Service Life

boundary conditions

Figure 1. The schematics of the present model for the sulfate attack problem.
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It is assumed that the calcium aluminates may be a blend of three different phases of
tricalcium aluminate, tetracalcium alumino hydrate, and monosulfate with parameter g representing
the proportion of each phase. The cement chemistry notation is used with (C=CaO, S=SiO,,

A=Al,0;, H=H,0O, and _S:SQ). Thetotal calcium aluminate phase isthen introduced as; “C” (C=
o C,AH s+ C,A SH,+ g CSH2 ). Each of these compounds may react with the ingressing

sulfates (represented in the form of gypsum) according to stoichiometric amounts defined in
equations 1-3:

C,AHy; +3CSH, +14H %3® C,A S Hyp +CH e
C4A §H12 +2 C§_|2+16H 3/43/® C6A _Si H32 (2)
C,A +3CSH, +26H %3® CA Ss Hyp )

These reactions are lumped in aglobal sulfate phaseal uminate phase reaction as:
C,+0S%¥® CeA SHa, (4

where q §: Bag+2+3 g )C§H , represents the weighted stoichiometric coefficients of the

sulfate phase. For any of the individual reactions described above, the volumetric change due to
the difference in specific gravity can be calculated using stoichiometric calculations. The
schematic representation of sulfate penetration and reaction is shown in Figure 2 as the exposure
time increases. The total calcium aluminate phase is divided into reacted and unreacted amounts
and represented respectively as Ca and Cayx,t) according to:

Car(xﬂt) :Ca - Cau(x!t) (5)

The coupled differential equations for the depletion of both sulfates and aluminates are solved by
means of numerical techniques to take into account the three main effects 1: limited supply of C;A,
cracking induced diffusivity, and the degradation effects of the expansive equations [12]. Figure 3
represents the sulfate and reacted C,A concentration profiles as a function of exposuretime. The
effect of time of reaction on the concentration profiles as predicted by Fick’s second law with a
second order reaction can be observed.
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Figure 3. The sulfate and reacted Calcium Aluminate concentration profiles as a function
of exposuretime. [12]

A coupled mechanical-diffusion approach is used to relate the chemical reactions to damage
evolution. Using a rule-of-mixtures approach, one can relate the expansive nature of the products
with the prescribed specific gravity of the compounds. In the present approach, calculations of
the volumetric changes between reactants and products were conducted by assuming that
ettringite was the only product obtained. Formation of other products such as AFM phase or
Gypsum could be also addressed in the volumetiic calculations. Once the amount of reacted
calcium aluminates into ettringite as a function of time and space are obtained, they can be related
to the volumetric strain and the volume changes. It is furthermore assumed that the crystallization
pressure of products of reaction results in a bulk expansion of the solid. The constitutive
response of the matrix and the expansive stresses are calculated from the imposed volumetric
strain. Microcracks are initiated when the strength of the matrix is reached, leading to changesin
the diffusivity and a reduction in matrix elastic properties. The variation of diffusivity is linked to
the scalar damage parameter due to cracking of the matrix. An averaging schemeisused for al the
three phases, and the corresponding expansion based on the molar volumesis defined as:
a(x)=el(xt)- fF=C,8 29 . fF ©
reV g
According to equation 6, the volumetric strain is adjusted by a shift factor representing the
product of the total capillary porosity F and the parameter f which is defined as the fraction of
capillary porosity available for the dissipation of the expansion products. The magnitude of the
shift (delay) in the expansion is due to the amount of capillary porosity. Figure 4 represents the
strain generation across a 1/4 portion of the sample exposed on both sides. The model predicts the
amount of reacted aluminates, the stresses generated, and internal parameters such as damage,
expansion levels, weight gain, stiffness degradation and tensile strength degradation [11].
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Figure 4. Strain generation across a 1/4 portion of the sample exposed on both sides

Applicability of the model

There are many experimental observations that need to be explained in the framework of a
mathematical model. The present study focuses on a parametric study of the effect of initial sulfates
and the effect of cracked material diffusivity on the expansion characteristics of the sample. The
effect of initial sulfate phase concentration on the diffusion and subsequent degradation
mechanisms, in addition to the effect of degree of hydration, is studied. The model was calibrated
with the experimental data conducted for sulfate attack at NIST.

Effect of Changesin Diffusivity Dueto Use of Mineral Admixtures

It is generally accepted that the use of mineral admixtures such as silica fume, flyash or slag
significantly improves the sulfate resistance of concrete. This is verified through experimental
tests of various researchers [12,13]. A set of parametric studies were conducted to show that by
changing the diffusivity of the base materia and the extent of cracking induced diffusivity
changes, one can address the potential benefits of the supplementary cement based materials.

A variable diffusivity parameter was introduced in order to reflect the use of mineral admixturesin
changing the microstructure. Test data comparing samples with two different initial diffusivities of
D,= 110" nf/sand 1x10™ nf/swere considered in Figures 5aand 5b. In each of thesetrial runs, a
range of diffusivity changes due to cracking was also considered spanning three orders of

magnitude. A parameter D/D,= 10 would indicate that the cracked material would increase its
diffusivity by ten fold as compared to the uncracked base material. Results are shown in Figures
5a and 5b and indicate that as the time increases, an increased diffusivity due to cracking would
directly result in faster rates of expansion. The expansion and degradation would take place faster
by increasing the D,/D, ratio. This response also happens much faster for the specimen with a
higher initial diffusivity (D,= 1x10"* nf/s). Analysis of various experimental results indicates that
the choice of the range of values for D, (undamaged material diffusivity) is consistent with the
water/cement mass ratio and microstructure of the mix designs used. When all other parameters
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were kept the same, lower values of w/c and the use of pozzolanic materials lead to a lower
diffusivity, and hence to a slower reaction, and expansion rate. This mechanism is clearly
predicted by the model. When the uncracked diffusivity is reduced by an order of magnitude from
1x10™ mfs to 1x10™* nf/s the period to achieve the same level of expansion is significantly
extended as well. Thistime factor depends on the level of damage caused by the cracking as well.
Note that the higher the level of damage due to cracking as measured by D4/D,ratio, the faster the
degradation process. The linear strain measure was used to represent the expansion term here. It
was assumed that the linear expansion component would be 1/3 of the volumetric strain under the
conditions that the strain is homogeneous and isotropic.
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Figure 5 Parametric study of the effect of diffusivity of the cracked material on the expansion-time
curves for specimens with various levels of damage due to cracking.
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Figure 6 Effectof initial gypsum content on the parametric study of the expansion time curves for
specimens containing two levels of initial GA, A) C;A= 6 %, and B) C;A=10 %.

Effect of initial gypsum content on the expansion-time curves for specimens containing two levels
of initid GA, 6 % and 10 %, are presented in Figures 6a, and 6b. Note that in both cases, increase
in the amount of initial gypsum increases the potential for damage and degradation. It is
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interesting to note that the rate of expansion is different in different samplesaswell. In specimens
containing 10 % initial GA, even with only the use of 2 % initial sulfates, significant damage is
observed after 120 d (0.6%), whereas with the same initial sulfates content, a specimen with 6%
initial G;A would not show a significant expansion within that same period.
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Figure 7 Effect of specimen age when testing begins on the expansion-time curves.

The effect of curing prior to testing is studied in Figure 7. These tests used a blend of cements
with levels of GA content ranging from 2 % to 11.6 %. The w/c ratio used was 0.485, with a
sand/cement ratio of 2.75. Length change of mortar bars25 mmx 25 mmx 275mm (Linx 1inx 11in)
in dimensions were recorded on a weekly basis for periods of up to three years. For the present
eval uation, two samples are compared with one day and one year of curing prior to start of the test.
To properly define the microstructure in samples, which were cured for one year prior to immersion
in sulfates, a higher degree of hydration in addition to a lower degree of porosity was considered.
For this reason, the parameters of degree of hydration and internal porosity were assumed to be at
0.9 and 0.25 for the 1 d cured specimen as compared to 0.95 and 0.15 for the one year cured
specimen. Both the samples contained the same level of initial C/A and initial sulfates. Note that
according to Figure 7, a good correlation is observed between the experimental and simulation
responses. It is interesting to note that according to the present model, the fact that the samples
with higher internal porosities are able to be more resistant to the sulfate attack is shown. The
samples which had year of hydration were showing significant levels of expansion after 40 d,
whereas samples subjected to curing to only one day had a sufficiently high level of internal

porosity and the expansion started to be detectable after aimost 90 d of immersion. This should by
no means be used as a justification to shorten the curing period of the concrete; it is only intended
to show that the model is capable to incorporate some of the experimental observations. At the
same time, it must be noted that as we move toward high performance and denser concrete
systems, the additional gain in the reduction of diffusivity parameter may be offset by the lack of
internal porosity, which alows for the dissipation of internal pressures caused by ettringite
formation.
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Effect of initial C3A content

The resistance of plain and blended concrete (C;A content between 5% - 12 %) to sulfate solutions
has been studied by several authors [14]. Effect of initidl CA content was studied by eval uating
the test results of a series of experiments conducted by Ferraris et al. [19). A reasonable fit is
obtained by adjusting the input datain this case. The results are shown in Figures 8 a, and b. The
parameters used in the theoretical calculations are also shown. The values of the parameters for
fitting the data are reported as a degree of hydration of 0.9, and an initial sulfate content equivalent
to 6 % was assumed. Note that as the initial C;A increases, the expansion also increases as a
function of time. No attempt was made to fit the expansion curve results with the theoretical model

and only the trends of the experimental data are simulated using expected values of material

parameters. Figure 8b shows a similar set of data obtained for specimens with an initial GA at 11.6
%. Note that the rate of expansion in these samplesis significantly higher than the previous case,
and the simulation graphs are able to address this enhanced expansion activity quite well. Due to
the large magnitude of expansive forces expected in this case, the amount of residual stress
assumed in this case was set at 10 MPa, as compared to the previous case, which was assumed at
5MPa

Conclusions

Applications of a theoretical simulation model to predict the degradation due to external sulfate
attack on cement-based materials are discussed. Simulations of the model using a series of
parametric studies indicate that the effects of diffusivity of the cracked and uncracked material can
play asignificant role in the characteristics of sulfate penetration. The amount of initial sulfatesin
the Portland cement is also an important parameter as predicted by the model. Parameters of the
model are chosen to be compatible with the actual mix design of the materials. Effect of initial C;A
content and the age of specimen at time of testing were shown to be predicted favorably by the
model parameters.

Acknowledgements

The first author acknowledges the financial support of the Salt River Project, Phoenix, Arizona for
the research program on “Blended Cements’ in addition to NIST-BFRL for support during a
summer research program.

MOBASHER, "Simulation of Expansion”, 9/12
Fax: 480-965-0557,
E-mail: Barzin@asu.edu



0.25

— T T T T 1
R Experiment,
® ¢ ®hitia ca=6%

0.2[~e—e—e Simulation
< | =03
= 015F j -C A=0.9
‘E’, | Eg=28000 MPa
S f'=s,=3 MPa
Q N t r
& 9 pyps12
L D, = Ix10% ;
0.05 6% C,A -
| 2 | 2
0 200 400 600 800 1000
Time, Days
1 L) l L) l L) l L) L)
L Experiment, -
a8
A=11.6%
08| < Yo }-

s j =0.9;
= 06 f=0.25
S | i-<ca=09
§ E4=28000 MPa
% 04 =3 MPa
- 5. =10 MPa

—o—¢ Jmulation

02}

40 80

Time, Days

200

Figure 8 Effect of initial CyA content on the expansion time response of specimens.

References

1

Philip, J. and Clifton, J.R (1992). “ Concrete as an Engineered Alternative to Shallow Land
Disposal of Low Level Nuclear Waste: Overview.” Fly Ash, Slica Fume, Sag, and
Natural Pozzolansin Concrete Proceedings— Fourth International Conference. Ed.
V.M. Malhotra. Detroit: American Concrete Institute, vol. 1, p.713-730.

MOBASHER, "Simulation of Expansion", 10/12

Fax: 480-965-0557,
E-mail: Barzin@asu.edu



Atkinson, A; Haxby, A. and Hearne, J.A. (1988) “The Chemistry and Expansion of
Limestone-Portland Cement Mortars Exposed to Sulphate-Containing Solutions.” NIREX
Report NSYR127, United Kingdom: NIREX.

Snyder, K.A., Clifton, JR. and Pommersheim, J. (1995). “ Computer Program to Facilitate
Performance A ssessment of Underground Low-Level Waste Concrete Vaults.” Scientific
Basis for Nuclear Waste Management XIX . Ed. W.A. Murphy and D.A. Knecht.
Pittsburgh, Pa.: Materials Research Society, p. 491-498.

Bentz, D.P; Clifton, JR.; Ferraris, C.F. and Garboczi, E.J. (1999) “ Transport Properties and
Durability of Concrete: Literature Review and Research Plan.” NISTIR 6395. Gaithersburg,
MD, NIST.

Atkinson, A., Hearne, J.A (1989). “Mechanistic Model for the Durability of Concrete
Barriers Exposed to Sulfate-Bearing Groundwaters.” Scientific basis for nuclear waste
management XII1. Ed. V.M. Oversby and P.W.Brown. Pittsburgh, Pa.: Materials Research
Society, p. 149-156.

Pommersheim, JM., Clifton J.R (1994).” Expansion of Cementitious Materials Exposed to
Sulfate Solutions.” Scientific Basis for Nuclear Waste Management. Materials Research
Society Symposum Proceedings XVII . Ed.A. Barkatt and R. Van Konynenburg.
Pittsburgh, Pa. : Materials Research Society, p. 363-368.

Gospodinov, P., Kazandjiev, R., and Mironova, M. (1996). “Effect of Sulfate lon Diffusion
on the Structure of Cement Stone.” Cement & Concrete Composites 18 (6), p. 401-407.

Gospodinov, P.N, Kazandjiev, R.F., Partalin, T.A. and Mironova, M.K.(1999). " Diffusion
of Sulfate lonsinto Cement Stone Regarding Simultaneous Chemical Reactions and
Resulting Effects.” Cement and Concrete Resear ch 29 (10), p. 1591-1596.

Krgcinovic, D, Basista, M., Mallick, K.and Sumarac, D(1992).” Chemo -Micromechanics Of
Brittle Solids.” Journal of the Mechanics and Physics of Solids 40 (5), p. 965-990.

Tixier, R., Mobasher, B., (2003) “Modeing of Damage in Cement-Based Materials
Subjected To External Sulfate Attack- Part 1: Formulation”, ASCE Journal of Materials
Engineering, 15 (4), p. 305-313.

Tixier, R., Mobasher, B., (2003) “Modeling of Damage in Cement—Based Materials
Subjected To External Sulfate Attack- Part 2: Comparison with Experiments, ASCE
Journal of Materials Engineering, 15 (4), p. 314-322.

Hester, J. A. (1967) "Fly Ash in Roadway Construction," Proceedings of the First
Ash Utilization Symposium. U.S. Bureau of Mines, Information Circular No. 8348,
Washington, DC, p. 87-100.

MOBASHER, "Simulation of Expansion", 11/12
Fax: 480-965-0557,
E-mail: Barzin@asu.edu



14

Dunstan, E. R., Jr. (1980) "A Possible Method for Identifying Fly Ashesthat will
Improve Sulfate Resistance of Concrete," Cement, Concrete and Aggregates 2(1),
ASTM.

R.E. Rodriguez-Camacho, (1998) “Using Natural Pozzolansto limprove the Sulfate
Resistance of Cement Mortars’, Fly Ash, Silica Fume, Slag, and Natural Pozzolansin
Concrete. Sixth CANMET/ACI/JCI Conference in Bangkok, p. 1021-1040.

Ferraris C.F., Clifton J. R., Stutzman P.E., Garboczi E.J., (1997) “Mechanisms of
Degradation of Portland Cement-Based Systems by Sulfate Attack”, Proc. of MRS
Nov. 1995, Mechanisms of Chemical Degradation of Cement-Based Systems, Ed. K.L.
Scrivener and J.F Y oung, p. 185-192.

MOBASHER, "Simulation of Expansion", 12/12
Fax: 480-965-0557,
E-mail: Barzin@asu.edu



